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Abstract 
In this study, a numerical method is used to investigate the effect of welding parameter and cooling time on 
residual stress and strain in the multi-pass butt Gas Metal Arc (GMA) welding process, while plate is 
restrained in transverse direction of welding direction. Two dimension finite element simulations were 
implemented to predict the welding temperature distributions, residual stress and strain on 16mm thick SM490 
steel plate for different input welding parameter at each weld pass using Ansys software. Not only the 
temperature dependent thermal properties were considered, but also birth and death technique is employed to 
control the process of weld filling. The simulated results provide good evidence that residual stress and strain 
is mainly dependent on heat load, welding parameter and restraints on material. The large amount of residual 
stress and strain is being developed around the Heat Affected Zone, Fusion zone and welding regions. The 
elastic FE model can be used to predict precisely the welding deformation and residual stress in a thick multi 
pass butt welding. Furthermore, the extensive experiment effort of component testing could be reduced 
adequate and deliberate application of welding FE simulation. 
 
Keywords: Finite Element Simulations, Fusion Zone, Heat Affected Zone, welding parameter, Residual stress 
and Strain. 
 
1 Introduction
Gas Metal Arc (GMA) welding process has widely 
been employed due to the wide range of applications, 
cheap consumables and easy handling. In order to 
achieve a high level of welding performance and 
quality, a suitable model is required to investigate the 
characteristics for the effects of process parameters 
on the bead geometry in the GMA welding process. 
The high local non-uniform heating and subsequence 
rapid cooling, which takes place during any welding 
process affects welding parameters such as residual 
stresses, deformations, weld microstructures and 
HAZ hardness. The high stress region near the 
welded zone causes a premature failure of structures 
because the thermal cycle of multi-pass welding 
process in butt weld joints  are quite complex.  
Therefore, development of the numerical model to 
predict the residual stress and strain is an important 
task [2-6]. There has been lot of experiment and 
Finite Element Analysis (FEA) being conducted for 
predicting the temperature history, residual stress and 
welding distortion for root pass, and a lot 
fundamental knowledge have also been established 
[1-10]. However, there is very little literature 
describing the prediction of temperature history, 
residual stress and strain distribution on multi-pass 
butt weld joint. For instance, Heinze developed and 
simulated FE model, to predict the welding 
temperature, residual stress and welding distortion 
fields in multi-pass butt weld joint plate under 
different welding condition. The author investigated 
six bead multi-pass gas metal arc weld of 20mm thick 
structural steel S355J2+N under shrinkage restraints 
and fundamental prediction has been established [1]. 
Attarha
 
conducted the study on welding temperature 
distributions in thin welded plates through 
experimental measurements and finite element 
simulation [2].  
In other researchers tried to investigate the effect of 
each temperature-dependent material property on the 
transient temperatures, residual stresses and 
distortions in the computational simulation of 
welding process [3-10]. The mechanical interaction 
between welded plate and restraint area has much 
influence on the distribution of residual stress and 
distortion. Many researchers applied the different 
rules to the model, trying to predict and reduce the 
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stress and strain problem in welding process. Still 
some researchers improved in numerically prediction 
of welding process and it correlates with the actual 
welding process. The influencing factors such as 
welding parameter, peak temperature of thermal 
cycle and restraint has significant effect on the Fusion 
zone (FZ), Heat affected zone (HAZ), residual stress 
and strain distribution.  
The objectives of this study is to develop two-
dimension multi-pass FE model which predicts the 
transient temperature distributions, residual stress and 
strain distribution on 16mm thick multi-pass SM490 
steel plate using Gas Metal Arc (GMA) welding 
process. 
 
2 Development of FE Model 
The welding process is a coupled thermo-mechanical 
phenomenon. Structural field are dependent on the 
thermal field whereas, structural field have very weak 
influence on the thermal fields. Thus this coupled 
welding phenomenon can be split into thermal 
analysis followed by structural analysis.  
 
2.1  Thermal Analysis 
The temporal temperature distribution T(x,y,z,t) 
during welding process satisfies the following 
differential governing equation for three-dimensional 
heat conduction by the following equation;  
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Where ρ is the density of the material (g/mm3), c is 
the specific heat capacity (J/g℃), T is the 
temperature (℃), q is the heat flux vector (W/mm2), 
Q is the internal heat generation rate (W/mm
3
), x, y 
and z are the coordinates in the reference system 
(mm), t is the time (s) and ∇ is the spatial operator. 
The non-linear isotropic Fourier's law is used to 
relate the heat flux vector to the thermal gradients; 
        
∇T-kq                                                     (2) 
where k is the temperature-dependent thermal 
conductivity. 
The evolution thermal analysis is quite a complex 
phenomenon associated with GMA welding process. 
The weld pool shape can be largely influenced by the 
weld metal transfer mode and corresponding fluid 
flow dynamics. In representation of GMA welding, 
the most widely acceptable double heat source model 
presented by Goldaks is being used for the FE 
modeling [12]. The models give the Gaussian 
distribution for the butt weld and have excellent 
features of power and density distribution control in 
weld pool and HAZ. The Goldak’s heat distributions 
are expressed by the following equations: 
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The parameter of moving heat source has been 
chosen to compute melted zone of thermal simulation 
are approximated as listed in Table1. 
 
Table 1: Parameters used in double ellipsoidal heat source representation. 
Weld 
type 
Weld 
pass 
a(mm) b(mm) cf(mm) cr(mm) ff fr (%) V(volt) I(amp) S(m/s) 
Butt 
weld 
1 5 5 6 14 0.6 1.4 
90 
35 330 0.22/60 
2 5.4 5.4 6 12.2 0.7 1.3 34 328 0.24/60 
3 4.39 11.89 6.87 25.4 0.5 1.5 32 300 0.27/60 
4 6 3.6 10.4 13.3 0.9 1.1 33 320 0.26/60 
5 8.8 2.5 7.4 14.8 0.7 1.3 33 318 0.26/60 
 
 
In this simulation each pass process parameter is 
different to each other. The contribution of the 
transient temperature field is also dependent on 
temperature-dependent thermo-physical properties.  
The combined heat transfer coefficient is expressed 
as follows; 
           Txh
61.14
101.24 

                          (4) 
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where ε is emissivity of the surface of the body, a 
value of 0.9 is assumed for this study [12] and T is 
the temperature.  
In this section, 2D thermal FE computational 
procedures has been developed to calculate the 
temperature histories, residual stress and strain for 
multi-pass GMA welding process at 300 seconds of 
cooling time after every weld-pass. The dimension 
for five-pass finite element model is the 50mm in 
length and 16mm in thickness as shown in figure 1. 
 
 
 
 
 
 
 
 
Figure 1: Dimension details and welds bead sequence for this study. 
 
The welding conditions for all five-pass were chosen 
for this study as shown in Table 1. The diameter of 
the welding wire is used as 1.4mm. The efficiency η 
for the GMA welding process was assumed to be 0.9 
[14]. The FE mesh density is fine in the vicinity of 
the weld centerline, while the meshes become 
gradually coarser away from welding zone in order to 
reduce the computer simulation time. The 
temperature dependent thermo-physical property for 
steel was assigned to the developed model shown in 
figure 2. 
 
Figure 2: Thermo- physical properties of SM490 
steel as a function of temperature. 
 
2.2  Structural Simulation 
For the mechanical analysis, the temperature history 
of each node from the preceding thermal analysis is 
input as the node load with temperature dependent 
mechanical properties. For SM490, phase 
transformation has a significant effect on residual 
stress and deformation, therefore the thermo-elastic-
plastic material model based on von Mises yield is 
formulated as follows; 
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The total strain can therefore be decomposed into 
three components as follows: 
      
thpetotal
                                   (6) 
The component on the right-hand side of equation 6 
corresponds to elastic, plastic and thermal strain, 
respectively.  
The elastic strain is modeled using the isotropic 
Hooke’s law with temperature-dependent Young’s 
modulus and Poisson’s ratio. For the plastic strain 
component, a plastic model is employed with the 
following features: the Von Mises yield surface and 
temperature-dependent material properties shown in 
figure 3. 
 
Figure 3: Thermo-mechanical properties of SM490 
steel as a function of temperature. 
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3 Results and discussion 
Figure 4 shows the temperature distributions during 
the GMA welding process, with the calculated weld 
penetration profile of FZ and HAZ after cooling of 
300 seconds after each pass.  The region temperature 
of HAZ and FZ is above 723
o
C and 1465
o
C 
respectively.  
 
Figure 4: Fusion Zone and Heat Affect Zone with 
respect time on the plate. 
The numerical results of the mechanical analysis as 
shown in figure 5, exhibits the residual stress 
distribution transverses to the welding direction and 
as indicated in figure 6, the strain distribution is also 
in transverse direction along top and both surface of 
the plate. The residual stresses on top and bottom 
surface of the plate are comparable for the  
both transverse and longitudinal direction. From 
figure 5(a), the both plates ends top surface has 
tensile stress and along HAZ tensile stress increase to 
about 90MPa, but at FZ and in vicinity of welding 
region is under compressive stress of about 40MPa.  
The stress at the top surface for left side plate 
fluctuates from tensile stress to compressive. This is 
due to fifth pass side which is more towards rights 
side and it has less heat load impact at left side of the 
plate. In comparison to the top surface, the bottom 
surface has tensile stress of about 10MPa and at the 
FZ and vicinity of welding region has large 
compressive stress of more than 42MPa. 
Figure5 (b) shows the longitudinal residual stress at 
the top and bottom surface of the plate. The 
longitudinal residual stress along the top surface of 
both plates is uniform whereas low tensile and 
compressive stress is until FZ. In FZ the stress 
fluctuate from compressive and tensile stress at the 
left side of the plate. At the right side plate, initially 
longitudinal stress at FZ is tensile stress and as 
approaches the fifth pass region the stress is 
compressive.  The longitudinal stress at the bottom 
surface is low and uniform until the welding region, 
where stress increase a little to tensile than to 
compression. In comparison of transverse and 
longitudinal stress distribution, there is large range 
and magnitude stress observed in transverse stress 
distribution. 
 
         
    (a) Trasverse residual stress                                        (b) Longitudinal residual stress 
 
Figure 5: Numerically calculated transverse and lingitudinal residual stress of 5beads GMA welding process. 
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          (a) Transverse strain                                             (b) Longitudinal Strain  
 
Figure 6: Numerically calculated transverse and longitudinal strain of 5 beads GMA welding. 
 
This is due to both plates restrained in transverse 
direction during the welding process. Figure 6(a) 
shows the transverse elastic strain distribution at 
the top and bottom surface of the plate. It can be 
observed that the elastic strain distribution 
predicted for the top and bottom surface has a 
significant difference. The large tensile strain at the 
top surface is mostly concentrated around FZ and 
HAZ compared to the bottom surface of the plate, but 
at the welding region the large compressive strain is 
observed for both the plate surfaces. 
The large strain at the top surface is due to heat load 
applied to the fourth and fifth weld-pass. For 
longitudinal strain, it is observed that both the top and 
bottom surface of the plate, have compressive strain 
at HAZ and FZ whereas in vicinity of welding region 
it has tensile strain. In comparison the range and 
magnitude distribution of transverse and longitudinal 
strain, the transverse strain range is larger than that of 
the longitudinal strain distribution. 
 
 
 
       
 
(a) Trasverse residual stress                                               (b) Longitudinal residual stress 
 
Figure 7: Transverse and Lingitudinal residual stress distribution profile of 5beads GMA welding process. 
      
       (a) Transverse strain                                               (b) Longitudinal Strain 
 
Figure 8: Transverse and Lingitudinal strain distribution profile of 5beads GMA welding process. 
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Figure 7 and 8 shows residual stress and strain 
distribution profile of 5 pass welding process. The 
profile history indicates HAZ and FZ are under large 
stress. Generally, the range and magnitude of strain 
are mainly governed by the peak temperatures and 
the restraint conditions. The restraint intensity in this 
case is in the transverse direction, therefore this result 
in magnitude of transverse strain large. 
 
4 Conclusions 
This present study investigation shows that the two 
dimension numerical analysis could be used to 
predict the temperature field, residual stress and 
strain distribution in thick five pass butt-weld joint. 
Based on the simulation results, it is know that 
residual stress and strain distribution on top and 
bottom surface of the plate differs, due to heat 
distribution load applied to plate, the heat input and 
also the cooling time after each welding pass. The 
restraint of plate has also impact on residual stress 
and strain. This is shown the figures 5 and 6. The 
plates were restraint in the transverse direction of 
welding, before large stress and strain is noted in 
transverse direction.  
The elastic FEM can be used to predict precisely the 
welding deformation, residual stress and strain in a 
thick multi pass butt welding. Furthermore, the 
extensive experiment effort of component testing 
could reduce adequate and deliberate application of 
welding simulation.  
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